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The possibility of using a solid medium to store few-photon laser pulses as coupled excitations
between light and matter is investigated. The role of inhomogeneous broadening and nonadiabaticity
are considered, and conditions governing the feasibility of the scheme are derived. The merits of a
number of classes of solid are examined.
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I. INTRODUCTION
In the last few years, many exciting effects in nonlinear
optics have been made possible by using electromagnet-
ically induced transparency (EIT). This allows a near-
resonant probe field to experience extreme nonlineari-
ties, while simultaneously using a second coupling field
to cancel the associated absorption [1, 2]. Applications
include nonlinear optics at low light levels [3, 4, 5, 6],
full frequency conversion in distances so short that phase
matching is not relevant [7, 8, 9], and quantum informa-
tion storage [10, 11].
Another effect EIT allows is an extreme reduction of
the group velocity of a light pulse [2, 5, 12]. This arises
from the very large dispersion experienced by a probe
field that is close to resonance. Slow light has been
theoretically analyzed and experimentally demonstrated
in gaseous media [13], BECs [14] and in solids [15, 16].
Group velocities of a few tens of meters per second have
been achieved.
If the coupling field is allowed to become time-
dependent, then the possibility of completely stopping
and trapping the probe pulse arises [11, 17, 18, 19, 20].
To do this one adiabatically reduces the coupling field
to zero while the probe pulse is within the EIT medium.
This results in the transfer of the probe pulse into a col-
lective spin coherence between the atoms in the medium.
As adiabatic passage techniques [21] are used, the collec-
tive atomic state storing the excitation is a “dark state”,
and contains no component of an upper level state which
can decay. The lifetime of the dark state is thus governed
by the ground state coherence dephasing rate, which can
be as low as a few tens of Hertz. In the quantum picture
these coupled electromagnetic and atomic excitations are
best described as a single dressed state excitation which
has been termed a dark state polariton by Fleischhauer
and Lukin [11]. If the coupling field is subsequently adia-
batically increased back to its original value, the spin co-
herence is transferred back into the electromagnetic field.
The probe pulse is thus reformed and can propagate fur-
ther.
As this scheme preserves the quantum state of the
pulse, it allows the possibility of using such a method
for quantum information storage and processing [11]. In
addition, because the quantum state of the input pulse is
mapped onto a many-atom collective excitation, it does
not suffer from fundamental problems preventing the ef-
ficient coupling of a field to a single atom [22], and the
scheme is robust and immune to many perturbing effects
that can affect storage schemes utilizing single atoms in
the context of cavity QED [23, 24].
Although a growing body of literature is beginning to
consider storing classical light pulses in a solid [15, 20],
a theoretical analysis of storing quantum information in
a solid using the dark state polariton formalism has not
been carried out. Such a scheme would be well worth
considering, as solids have a number of advantages over
gases. They are easy to prepare and store, stored infor-
mation does not degrade due to atomic diffusion, and,
above all much higher densities of interacting atoms can
be achieved. For example, a common class of solids
used within a quantum information context is rare-earth
doped crystals, where the concentration of dopants can
easily exceed the density of atoms in a gas by eight orders
of magnitude. Outside this class of materials, nitrogen-
vacancy centers in diamond have also been considered
[25, 26]. These have the advantages of a strong oscil-
lator strength and relatively long spin coherences. It is
also conceivable that one could use doped glasses instead
of crystals, although extreme inhomogeneous broadening
must then be overcome.
The purpose of this paper is to extend the analysis
of Fleischhauer and Lukin by considering the behavior
of dark state polaritons in a solid, rather than gaseous,
medium. We determine whether quantum information
storage is still possible, given the large inhomogeneous
broadening that is present in solids, derive conditions
that must be met for successful storage, and finally dis-
cuss in which classes of systems the conditions can be
met.
II. BASIC MODEL
We consider a standard three-level lambda system, as
shown in Fig. 1. Eˆ is a weak quantum field, while Ω
is the Rabi frequency associated with a strong classical
coupling field. We assume that both fields propagate
parallel to the z direction, reducing the system to a 1D
problem.
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FIG. 1: Left: three level scheme. Eˆ is a weak quantum field
while Ω is a classical field. Right: Detuning scheme for a
particular atom. The wavy line represents the inhomogeneous
line center for the atomic ensemble, thus ∆ωij represents the
detuning between the upper level of a particular atom and
the inhomogeneous line center.
Using a similar approach to [27], one can show that in
the continuum limit the interaction Hamiltonian for this
system is given by
Hˆint = −~N
L
∫
dz [gσ21(z, t)Eˆ(z, t)
+Ω(z, t)σ23(z, t) + H.c.] (1)
where all quantities are taken to be slowly varying, both
in time and space, i.e. we have transformed to a ro-
tating frame. The coupling constant is given by g =
d13
√
ν/2~ǫ0V , where V is the interaction volume and
d13 is the electronic dipole moment between states |1〉
and |3〉. N is the total number of dopant atoms in the
interaction volume.
Within the slowly varying amplitude and phase ap-
proximation, the equation of motion for the quantum
field Eˆ is given by
(
∂
∂t
+ c
∂
∂z
)
Eˆ(z, t) = igNσ13(z, t) (2)
Using variables that are slowly varying in space and
time one finds the atomic equations of motion for a single
atom to be
σ˙11 = −γ1σ11 + ig(Eˆ† σ13 − Eˆ σ31) + F1 (3)
σ˙22 = −γ2σ22 + i(Ω∗ σ23 − Ωσ32) + F2 (4)
σ˙33 = −γ3σ33 + i(gEˆσ31 − gEˆ† σ13
+Ωσ32 − Ω∗ σ23) + F3 (5)
σ˙13 = Γ
′
13
σ13 + i(gEˆ(σ11 − σ33) + Ωσ12) + F13 (6)
σ˙23 = Γ
′
23σ23 + i(gσ21Eˆ +Ω(σ22 − σ33)) + F23 (7)
σ˙12 = Γ
′
12
σ12 + i(Ω
∗σ13 − gEˆ σ32) + F12. (8)
The atomic operators are defined by σij = |i〉〈j|, γi rep-
resents the population decay from state |i〉, and the de-
tunings are defined by
Γ′
13
= −i∆13 − γ13 = −i(∆ +∆ω13)− γ13 (9)
Γ′23 = −i∆23 − γ23 = −i(∆0 +∆ω23)− γ23 (10)
Γ′
12
= −i∆12 − γ12 = −i(∆−∆0 +∆ω12)− γ12.(11)
γij represents the coherence decay between states |i〉 and
|j〉; ∆ωij is the detuning of the inhomogeneously broad-
ened line center from an isolated atom line center. ∆ and
∆0 represent the detuning of the laser from the inhomo-
geneous line center for the |1〉 - |3〉 transition and the |2〉
- |3〉 transition respectively.
The Fij are δ-correlated Langevin noise operators, and
as such can be neglected in the adiabatic limit. We intend
to remain close to this regime. It can also be noted that
the magnitude of the noise correlations is related to the
atomic decay via the fluctuation-dissipation theorem. As
the essence of the transfer process involves utilizing dark
states, ideally the upper state |3〉 is never populated. As
there is no dissipation, correlations involving the noise
operators vanish. Although as one moves away from the
purely adiabatic regime an admixture of the bright state
with a |3〉 component becomes excited, this component
remains small, as will be seen in Section III B. Conse-
quently we omit the writing of the noise operators in the
analysis that follows.
We solve the atomic equations of motion perturba-
tively, using the expansion parameter ǫ = gEˆ/Ω ≪ 1.
Further, we assume that initially all the atoms are in
state |1〉, so that the zeroth order solutions for the atomic
variables are σ0ij = 1 if i = j = 1, and σ
0
ij = 0 otherwise.
To first order in ǫ we find
σ12 = −gEˆ
Ω
+
1
Ω
(∂t − Γ13) 1
Ω
(∂t − Γ12) gEˆΩ
Ω2 + Γ12Γ13
(12)
σ13 =
ig
Ω
(∂t − Γ12) EˆΩ
Ω2 + Γ12Γ13
+
ig
Ω
(∂t − Γ12)
[
Γ13
Ω2
∂t
EˆΩ
Ω2 + Γ12Γ13
+
Γ12
Ω
∂t
Eˆ
Ω2 + Γ12Γ13
]
(13)
These first order solutions are an excellent approxima-
tion to the true solutions, as the ratio between the probe
field and the coupling field is extremely small. This can
be seen by noting that within the context of quantum in-
formation storage the probe pulse will contain only a few
photons, while, as we will see later, the coupling field
must generally be of the order of kW/cm2 in order to
overcome the inhomogeneous broadening.
The analysis above yields the relevant atomic equa-
tions of motion for a single ion with a specific detuning
defined by its position within its host. As we are deal-
ing with a collective effect, i.e. the incoming probe pulse
excites many ions at different sites simultaneously, we
need to average over the inhomogeneous broadening, ac-
3counting for all possible detunings. Making the assump-
tion that the inhomogeneous broadening is given by a
Lorentzian, the averaged atomic quantities are given by
σ¯ij =
W12W13
π2
∫∫
d∆ω12
(∆ω12)2 +W 212
d∆ω13
(∆ω13)2 +W 213
σij
(14)
where the ∆ωij are given by (9) – (11), and W12, W13
are the inhomogeneous widths of the |1〉 → |2〉 and the
|1〉 → |3〉 transitions respectively.
The integration results in rather involved expressions,
and in order to make the analysis more tractable we
make the following assumptions: Both the probe and cou-
pling fields are on resonance with an isolated ion (that
is, ∆ij = 0), and γij ≪ Wij (requiring that the inho-
mogeneous linewidth is far wider than the unbroadened
linewidth). The first assumption can easily be met by
choice of laser frequency, and the second is obviously met
since the inhomogeneous linewidth is composed of many
superimposed unbroadened linewidths. These assump-
tions result in the averaged atomic expressions
σ¯12 = − gEˆΩ
Ω2 +W12W13
− 1
Ω2
∂
∂t
gEˆΩ(−γ13Ω2 + γ12W 213)
(Ω2 +W12W13)2
− 1
Ω
∂
∂t
gEˆ(−γ12Ω2 + γ13W 212)
(Ω2 +W12W13)2
(15)
σ¯13 =
−igEˆ(−γ12Ω2 + γ13W 212)
(Ω2 +W12W13)2
− ig
Ω3
∂
∂t
EˆΩW12W13
Ω2 +W12W13
− ig
Ω2
∂
∂t
EˆW 2
12
Ω2 +W12W13
+
ig
Ω
∂
∂t
EˆΩ
Ω2 +W12W13
+
ig
Ω
∂
∂t
1
Ω
∂
∂t
Eˆ(−γ12Ω2 + γ13W 212)
(Ω2 +W12W13)2
+
ig
Ω
∂
∂t
1
Ω2
∂
∂t
EˆΩ(−γ13Ω2 + γ12W 213)
(Ω2 +W12W13)2
. (16)
III. SOLUTIONS
We closely follow the analysis of Fleischhauer and
Lukin [11].
As a starting point we introduce the two quantum
fields Ψˆ and Φˆ. They are defined to be
Ψˆ = cos θEˆ − sin θ
√
Nσ¯12 (17)
Φˆ = sin θEˆ + cos θ
√
Nσ¯12 (18)
with the inverse relations
Eˆ = cos θΨˆ + sin θΦˆ (19)√
Nσ¯12 = − sin θΨˆ + cos θΦˆ. (20)
The time-dependent mixing angle θ(t) is defined by
tan θ =
g
√
N
Ω(t)
(21)
Both Ψˆ and Φˆ have bosonic commutation relations in the
limit of few photons and many atoms. The action of Ψˆ†
on the vacuum creates dark states [11], which contain
no component of the excited state |3〉, and are therefore
unaffected by spontaneous emission [2]. Φˆ, on the other
hand, creates states which couple to state |3〉 and which
are therefore lossy. Consequently Ψˆ and Φˆ are termed
dark state and bright state polaritons respectively.
It is now clear that provided the system remains purely
described by the excitation Ψˆ, by rotating the mixing an-
gle from 0 to π/2 (equivalent to taking the control field
from Ω = ∞ to Ω = 0) one can losslessly transfer the
quantum probe field into an atomic spin coherence, trap-
ping the probe field in the medium. Ramping the control
field back up rotates the spin coherence back into the
probe field which is then released and able to propagate
further.
Utilizing (2) along with (15)–(20), one can obtain
(
∂t + c cos
2 θ∂z
)
Ψˆ = −θ˙Φˆ− c sin θ cos θ∂zΦˆ
+g
√
N sin θ
[
(−Ω2γ12 +W 212γ13)EˆΩ
(Ω2 +W12W13)2
+
W12W13
Ω2
∂
∂t
EˆΩ
Ω2 +W12W13
+
W 2
12
Ω
∂
∂t
Eˆ
Ω2 +W12W13
]
(22)
We make the assumption that W12 ≪ W13, that is,
that the inhomogeneous width of the ground state is
much less than the width of the upper, excited, state.
In solids the upper state broadening is normally several
orders of magnitude larger than that of the ground state,
making this an excellent approximation. We can thus
neglect the the last term in (22) relative to the second to
last term.
After using (19) to eliminate Eˆ and carrying out the
differentiation, Eq. (22) can be written
(
∂t + c cos
2 θ∂z
)
Ψˆ = −θ˙Φˆ− c sin θ cos θ∂zΦˆ
+ tan θ(cos θΨˆ + sin θΦˆ)
[
Ω2 sin θ(W 2
12
γ13 − Ω2γ12)
(Ω2 +W12W13)2
+
θ˙
cos θ
W12W13(Ω
2 −W12W13)
(Ω2 +W12W13)2
]
+
sin2 θW12W13
Ω2 +W12W13
(
˙ˆ
Ψ + tan θ
˙ˆ
Φ− tan θθ˙Ψˆ + θ˙Φˆ
)
(23)
where we have used both Ω and θ even though they are
related, as this makes the expression more compact. The
first two terms on the right hand side are identical to
those present in the gaseous medium considered in Ref.
[11], where there is no inhomogeneous broadening and
the ground state coherence lifetime γ12 is taken to be
infinitely long. The remainder of the terms, however, are
distinct to the case of a solid medium.
4To obtain the final equation of motion for Ψˆ, we need
to eliminate Φˆ from (23). This can be accomplished by
using (15) and (18) to obtain
Φˆ =
g
√
N
Ω
cos θ
[
EˆW12W13
Ω2 +W12W13
− 1
Ω
∂
∂t
EˆΩ(−γ13Ω2 + γ12W 213)
(Ω2 +W12W13)2
− ∂
∂t
Eˆ(−γ12Ω2 + γ13W 212)
(Ω2 +W12W13)2
]
. (24)
Again making the replacement Eˆ = cos θΨˆ + sin θΦˆ and
performing the derivatives one finds the relation
Φˆ =
[
W12W13 sin θ cos θ
Ω2 +W12W13
− (α + β)θ˙
]
Ψˆ + β cot θ
˙ˆ
Ψ
+
[
W12W13 sin
2 θ
Ω2 +W12W13
− αθ˙ tan θ
]
Φˆ (25)
where
α =
γ13Ω
2(3W12W13 − Ω2) + γ12W 213(3Ω2 −W12W13)
(Ω2 +W12W13)3
β =
sin2 θ((γ12 + γ13)Ω
2 − γ12W 213 − γ13W 212)
(Ω2 +W12W13)2
(26)
From Eq. (25) it can be shown that to keep from pop-
ulating the bright state polariton, that is to ensure that
Φˆ is small relative to Ψˆ, we require that
Ω2 & 3W12W13. (27)
Thus to keep the bright state from being populated the
strength of the control field Ω must always dominate the
inhomogeneous broadening.
If this criterion is met, we have
Φˆ =
[
W12W13 sin θ cos θ
Ω2 +W12W13
− (α+ β)θ˙
]
Ψˆ + β cot θ
˙ˆ
Ψ (28)
The dynamics of the dark state polariton divide natu-
rally into two subcases — one where the control field is
altered so slowly that the evolution of the atomic states
exactly follows the control field, and a second where some
element of nonadiabaticity is considered.
A. Adiabatic case
In totally adiabatic evolution, only the first term of
(28) is relevant. Thus
Φˆad.lim. =
g
√
NΩW12W13
(Ω2 + g2N)(Ω2 +W12W13)
Ψˆ (29)
Provided one remains in the regime given by (27) it is
clear that Φˆ can be neglected relative to Ψˆ.
We note that Eq. (29) should contain a Langevin (vac-
uum) noise term so that the commutation relations are
met. However since 〈Φˆ†Φˆ〉 ≪ 〈Ψˆ†Ψˆ〉, the bright state
polariton is never appreciably excited. It is thus possible
to adiabatically transfer the electromagnetic probe pulse
into an atomic dark state with no component projected
onto the upper excited state, therefore avoiding destruc-
tion and noise due to spontaneous emission.
We are now able to derive the equation of motion for
the dark state polariton in the adiabatic limit by using
(23), ignoring the Φˆ terms and noting that as we are
changing the control field adiabatically θ˙ = 0. This yields
(
∂t + c cos
2 θ∂z
)
Ψˆ =
W12W13 sin
2 θ
Ω2 +W12W13
˙ˆ
Ψ−sin2 θΓΨΨˆ (30)
with
ΓΨ =
Ω2(Ω2γ12 −W 212γ13)
(Ω2 +W12W13)2
. (31)
This result should be compared with that obtained using
a gaseous medium, where no inhomogeneous broadening
is present, and the ground state coherence time is taken
to be infinitely long [11]:
(
∂t + c cos
2 θ∂z
)
Ψˆ = 0 (32)
The first term on the right hand side of (30) is clearly
a correction to the group velocity of the polariton pulse.
Provided we remain in the regime given by (27) this re-
sults in a velocity correction factor close to unity.
It is equally clear that ΓΨ > 0 and so denotes a
loss term. Furthermore, within the regime (27), ΓΨ is
bounded by γ12, the dephasing rate of the ground state
coherence. This is logical, and indicates that the maxi-
mum storage time is limited by the lifetime of the ground
state coherence.
One difficulty remains: Because the power of the con-
trol field must dominate the inhomogeneous broadening,
we cannot reduce it to zero in order to achieve a zero
group velocity and stop the probe pulse. The minimum
velocity occurs when Ω2 ≈W12W13 and is given by
vg = c cos
2 θmin =
cW12W13
W12W13 + g2N
. (33)
Thus, in order to achieve a near-zero group velocity, one
requires g2N ≫W12W13.
In general, the solids of interest consist of rare-earth
ion doped crystals [15]. Consequently,W12 is of the order
of tens of kilohertz, and W13 is of the order of gigahertz.
g2N , on the other hand, tends to be within a few orders
of magnitude of ∼ 1021Hz2. (These assumptions, along
with solids other than rare-earth ions doped into crystal
hosts, will be considered in greater detail in Section IV.)
The minimum polariton velocity is thus perhaps few tens
of meters per second, although this is highly dependant
5on the medium chosen. Similarly, at the minimum con-
trol field strength sin θ ≈ 1 −W12W13/g2N , indicating
that practically all of the probe field has been transferred
and stored.
This conclusion reproduces the gaseous medium re-
sult: a few-photon input pulse can have its quantum
state stored as a spin coherence, provided the control
field changes sufficiently slowly, and with a storage time
bounded by the decay time of the ground state coher-
ence. The group velocity of the polariton is c cos2 θ, and
approaches zero as the control field is reduced, ensuring
that the pulse is slow enough to be considered stored.
To achieve this, we required two additional conditions
that are a consequence of working in a solid:
g2N ≫ W12W13 (34)
Ω2 & 3W12W13. (35)
To what extent these conditions can be met in current
materials will be considered in Section IV.
B. Nonadiabatic corrections
Although in principle one can modify the control field
as slowly as one desires, and thus ensure that one re-
mains in the adiabatic regime, this is not realistic for
practical quantum information storage. As the storage
time is bounded by the ground state coherence lifetime,
one must at a minimum be able to complete a storage
and retrieval operation within this period. This puts a
lower bound on how slowly the control field can be turned
off and on. Consequently one must determine the maxi-
mum speed at which the control field can be reduced to
zero without nonadiabatic effects destroying the storage
process. It is known that these nonadiabatic losses can
be made neglible in a gaseous medium; we now consider
whether the same can be made to hold in a solid medium.
As we wish to include first order nonadiabatic correc-
tions, we cannot ignore all time derivatives as we did in
the previous section. Making use of (28) and (23) we ob-
tain the following equation of motion equation of motion
for the dark state polariton:
(
∂t + c cos
2 θ∂z
)
Ψ = −A(t)Ψ+B(t)c ∂
∂z
Ψ+C(t)c2
∂2
∂z2
Ψ
(36)
where
A(t) = (1 + γ) sin2 θΓΨ + θ˙ (γ cot θ + γ tan θ
−(α+ β) tan θ sin2 θΓΨ − (1 + γ)δ tan θ
−2γ2 cot θ + γ2 tan θ − 2g2Nγ2 cot θ csc2 θ))
−θ˙2(α+ β)(1 − γ − δ tan2 θ) (37)
B(t) = −2γ cos2 θ − βΓΨ sin2 θ cos2 θ + θ˙ sin θ cos θ (α
+β(1 + cot2 θ − δ − γ cot2 θ)) (38)
C(t) = β cos4 θ (39)
and where
γ =
sin2 θW12W13
Ω2 +W12W13
(40)
δ =
W12W13(Ω
2 −W12W13)
(Ω2 +W12W13)2
. (41)
A(t) and C(t) represent losses, and B(t) represents a
modification of the group velocity of the polariton.
To determine whether the transfer of the probe pulse
into a trapped dark state can occur within an interval
significantly shorter than the storage time, we must cal-
culate how large θ˙ can be without incurring significant
nonadiabatic losses. We will follow the analysis of Ref.
[11].
Eq. (36) can be solved by making the Fourier trans-
form Ψ(z, t) =
∫
dkΨ˜(k, t)e−ikz . This gives
Ψ˜(k, t) = Ψ˜(k, 0) exp
[
ik
∫ t
0
dt′(vgr(t
′)− cB(t′))
]
× exp
[∫ t
0
dt′(A(t′)− k2c2C(t′))
]
(42)
where the first term is a group velocity correction and
the last term contains the nonadiabatic losses and pulse-
spreading effects we are interested in. To avoid losses,
the integral in the exponent must be small relative to
one. This results in the two conditions∫ ∞
0
dt′A(t′) ≪ 1 (43)
k2c2
∫ ∞
0
dt′C(t′) ≪ 1. (44)
Since Ω2 > 3W12W13 we can construct an upper bound
for C(t) which gives
k2c2γ13
∫ ∞
0
dt′
sin4 θ cos2 θ
g2N
≪ 1. (45)
This is identical to the condition derived for a gaseous
medium, and can be shown to be equivalent to the con-
dition that [11]
z ≪ g
2N
γ13L2p
(46)
where Lp is the length of the probe pulse in the medium
(i.e. after compression due to EIT effects) and z is the
distance the pulse travels in the medium before being
completely stored, and can be seen as a lower bound on
the medium length required. This condition in turn is
equivalent to requiring only that the initial spectral width
of the pulse before beginning deceleration fits within the
initial EIT transparency window.
We turn now to the condition given by (43). Looking
at (37) the first term merely states that the polariton
cannot be stored longer than the lifetime of the ground
state coherence 1/γ12.
6Next we consider the term proportional to θ˙2. We
take the initial control field strength to be Ω0 and pa-
rameterize the final control field strength Ω(τ) as k =
Ω(τ)/
√
W12W13. Assuming a linear decrease in Ω over
the time τ , then integration of the term proportional to
θ˙2 with respect to time yields the condition
τ ≫ γ13Ω0
k7(W12W13)3/2
(47)
for 1 < k . 10. This puts an upper bound on the speed
one can reduce the control field field.
Finally we consider the term in (43) proportional to θ˙.
As the integral is taken with respect to time, the presence
of the θ˙ term ensures that there is no time dependence
in the result. Thus effectively the integral is carried out
with respect to θ, and results in an overall loss factor.
This loss factor is relatively insensitive to the precise val-
ues of all the parameters excepting the final control field
strength Ω(τ). Again if k = Ω(τ)/
√
W12W13 then the
loss factor is approximately
η = exp
[
3 + 2k2
(1 + k2)2
+ 2 ln
k2
1 + k2
]
. (48)
These are the conditions that must be met if we are
to stop and store a probe pulse within a solid. Whether
they can be met is strongly dependent on the solid that
is used, and it is to this that we now turn.
IV. PRACTICAL CONSIDERATIONS AND
EXAMPLES
The solids most often considered within the context of
coherent optical behavior are rare-earth doped crystals.
For a review of the general properties of these systems
we refer to the recent paper by MacFarlane [28]. The
dopant rare-earth ions are characterized by low inhomo-
geneous broadening of their lower state hyperfine transi-
tions, well-characterized energy levels, and existence of a
zero-phonon line at low temperatures that coincides with
the commonly used f -d transitions [15] with a reasonably
large transition dipole moment but still a relatively nar-
row homogeneous optical width.
In addition, they are attractive for quantum informa-
tion storage due to their high ratio of optical-transition
inhomogeneous broadening to spin-transition inhomoge-
neous broadening, which allows the writing of many dis-
crete channels via spectral hole burning [29] and pulse
compression by photon echo effects [30].
As has been made clear from the foregoing analysis,
there are two primary quantities that govern the abil-
ity to transfer the quantum information from the probe
pulse into a spin coherence. They areW12W13, the prod-
uct of the inhomogeneous widths of the optical and spin
transitions, and g2N , the collective coupling strength of
the medium.
The single-atom coupling is given by g =
d13
√
ν/2~ǫ0V . The dipole moments for rare earths
generally lie in the range 10−29 – 10−32 Cm. We choose
10−30Cm as a representative value in the following. As-
suming a wavelength of 1000 nm, we find the convenient
relation that
g2N [Hz2] ∼ N
V
[m−3], (49)
that is, the collective coupling strength is simply given
by the density of the dopant atoms in the medium. The
density of rare-earths dopant ions in crystals can easily
be as high as 1017 – 1019 cm−3, depending on the dopant
and matrix material. Thus g2N ∼ 1023 – 1025Hz2, many
orders of magnitude higher than what is possible in gases.
The magnitude of the optical and spin inhomogeneous
broadening is strongly dependent on the rare-earth and
on the electronic transition chosen. A typical range of
values for W13 is 1–10 GHz, while W12 ranges from 100
Hz – 1 Mhz. Consequently, one could expect W12W13 ∼
1015Hz2, and it is therefore clear that the condition
g2N ≫ W12W13 is very easily met in these materials.
We now consider the power requirements of the cou-
pling laser. If we wish to let the probe pulse enter
the medium at speed c, and then reduce the coupling
field strength to its minimum value, effectively stopping
the pulse, it is necessary to rotate the mixing angle θ
from 0 to π/2. A value of θ = 0 corresponds to a
coupling field of infinite intensity, or more realistically,
Ω2 ≫ g2N . Optimistically assumingW12W13 = 1015Hz2
and g2N = 1017Hz2, we might require Ω2(0) = 1019Hz2.
Using
I =
Ω2~2cǫ0
2d2
13
(50)
and assuming a dipole moment of d13 = 10
−30Cm we
see that this corresponds to a coupling laser intensity of
10 kW/cm2. These numbers are only indicative, and it
is possible to reduce the power requirements by choos-
ing systems with smaller inhomogeneous broadening and
reducing the dopant concentration.
One must also take into consideration the length of
medium required to stop the pulse. Naively, if the cou-
pling laser intensity is reduced from Ω(0)≫ g√N to its
minimum value Ω(τ) ∼ √W12W13 in time τ , the distance
the pulse travels is
z =
∫ τ
0
c cos2 θ(t)dt ≈ cτ. (51)
Thus, bearing in mind the adiabaticity requirements, if
τ ∼ 10−6 s, the stopping distance is 300m. This may
just be feasible for a experiment with a doped fiber, but
certainly not for a crystal.
The correct approach, which obviates this difficulty as
well as reducing the pump power required, is to ensure
the coupling field has a strength such that the probe pulse
is in the slow group velocity regime as soon as it enters
the medium, namely W12W13 ≪ Ω(0)2 ≪ g2N . In this
7case
z =
Ω(0)2
3g2N
cτ. (52)
As it is possible to make g2N extremely large in a solid,
there is no difficulty in stopping the probe pulse within
a few centimeters. The initial coupling laser Rabi fre-
quency can now be orders of magnitude lower, provided
it still dominates the inhomogeneous broadening, result-
ing in an initial coupling laser intensity of ∼ 100 W/cm2.
The final conditions that must be met are the adia-
baticity criteria, namely (46), (47) and (48), which exist
only when one moves away from the adiabatic limit.
The first condition is that probe pulse bandwidth af-
ter entry to the medium must be within the EIT trans-
parency window before the coupling laser intensity is re-
duced. In the case of a strong coupling field in a solid,
the EIT window is given by ΓEIT = Ω
2/W13 [15], corre-
sponding to a bandwidth of ∼ 106 – 108Hz, depending on
the intial coupling field strength. If a broader bandwidth
is required, one merely needs to increase the coupling
field strength.
Eq. (47) is a fairly weak condition. Using the numbers
W12W13 ∼ 1015Hz2, Ω(0)2 ∼ 1017Hz2 and γ13 ∼ 107Hz
one obtains τ ≫ 10−7s, which is certainly still orders
of magnitude shorter than the limit of the storage time
which is governed by 1/γ12.
The final condition (48) is highly dependent on to what
extent the final control field strength dominates the inho-
mogeneous broadening. Taking Ω(τ) = 3
√
W12W13 gives
a damping factor of η ≈ exp[−0.0007], which is negligi-
ble.
Thus, in broad, it appears that quantum informa-
tion storage using this technique is feasible in rare-earth
doped crystals. It is not clear, however, that there is
one type of material that possesses all the properties that
would make it an ideal candidate. The oscillator strength
of the rare-earth itself is not too important, as it can gen-
erally be compensated for by altering the dopant density.
The crucial quantities are the inhomogeneous broadening
widthsW12 andW13, the collective coupling g
2N and the
dephasing rate γ12. The ideal material would have a low
W12W13, a high g
2N , and a very low γ12.
Some measures can be taken to reduce W13. For ex-
ample, Ham et al. introduce a repump laser to prevent
spectral hole-burning by the coupling and probe lasers,
and consequently limit the optical inhomogeneous broad-
ening to the repump laser jitter (∼ 1 MHz) [31]. In the
scheme described in this paper, we have assumed very
weak probe fields for quantum information purposes, and
so only a tiny fraction of the atoms make the transition
to state |2〉, rendering such a repump laser unnecessary.
Similar spectral hole-burning techniques, however, could
be used prior to applying the probe pulse, selecting a sub-
set of the ions within a particular spectral range [28] and
thus drastically reducing W13. The drawback is a reduc-
tion in the interacting ion density, but as g2N ∼ 1023Hz2
is attainable, reducing the density by a factor of 1000 is
certainly acceptable for a similar 1000-fold reduction in
the inhomogenous broadening.
The storage time, that is the time one may wait before
the quantum field is released by the turning on of the
strong pump field, is limited both by the homogeneous
width γ12 and the inhomogeneous widthW12 of the lower
hyperfine transition in the ions. γ12 serves as an absolute
lower limit as discussed in the previous section. W12 is
a limit due to the fact that the phases of different ions
evolve at different speeds due to inhomogeneity, meaning
that after a time 1/W12 the stored information will no
longer be coherent. In principle this can be overcome.
Spin echo techniques have been exploited to compensate
inhomogenous frequency shifts and to observe features
limited only by the homogeneous lower state width in ion
doped crystals [30]. In our case, however, it is not plau-
sible that one can precisely invert the populations to a
level of precision matching the almost insignificant num-
ber of photons stored in the medium. Thus in practice
one is limited by the storage time 1/W12 rather than the
longer storage time 1/γ12. It has been shown, however,
that strong magnetic bias fields can reduce the inhomoge-
neous broadening significantly, and suggests that storage
times of the order of 100 ms or more may be achievable
[32].
For integration with current telecommunication tech-
nologies, it is natural to speculate about the possibilities
to slow and store light in doped optical fibres and wave
guides rather than crystals. In fibres and wave guides,
where the ions are doped into a glass host, the inho-
mogeneous widths of both the optical and the hyperfine
transitions are much larger than in crystals [33, 34, 35].
Persistent hole burning has been demonstrated in glass
fibres [36], and a natural strategy thus seems to be a
preparation of the system by pumping of all ions in a
broad frequency range to passive spectator levels, leav-
ing only ions which have their 1 − 3 and 1 − 2 transi-
tions in desirable frequency windows in the middle of
this range in their state |1〉. Considerable improvement
of the hole burning must be achieved and further under-
standing of the homogeneous width of the transitions is
clearly needed before serious attempts along this line can
be carried out. As commented upon above, hole burn-
ing leads to a significant reduction of the number of ions
available for the light storage. A crystal fibre may be
doped only in the central rod which forms the central
wave guide in the fibre [37]. The light may thus be con-
fined to a cross section about the size of the (resonant)
absorption cross section of a single ion which, together
with the achievable lengths of these fibres, may compen-
sate for the low concentration, and make slowing and
storage of light possible. It would also be possible to set
up an optical cavity by writing a Bragg grating in the fi-
bre [38] (or by coating the faces of the crystals in our main
proposal) and in this way enhance the interaction of the
field with the atomic system, as it has been proposed for
free atoms and for ions [39]. An analysis of this proposal
lies beyond the purpose of the present paper. Significant
8non-linear dynamics, for example super-continuum gen-
eration, has been observed in crystal fibres at very high
light intensities as a consequence of the non-linear sus-
ceptibility of the glass host [40]. For the above analysis
to hold, one should avoid this parameter regime, but we
do not exclude the possibility that useful effects may be
derived from the optical nonlinearity of the host material
in conjunction with the EIT dynamics due to the dopant
ions.
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